To evaluate the role of estrogen receptor in the differentiation of cells of neural origin, we developed a molecular approach aimed at the identification of estrogen target genes by mRNA differential display PCR (ddPCR) in human neuroblastoma SK-ER3 cells. More than 3000 RNAs were examined, a few of which displayed a differential regulation pattern in response to 17␤-estradiol (E 2 ). Sequence analysis of three differentially amplified ddPCR products showed homology with the growthassociated nuclear protein prothymosin-␣ (PTMA), the Bcl2-interacting protein Nip2, and one mRNA previously described by others in fetal human brain. Two ddPCR products, referred to as P4 and P10, corresponded to new DNA sequences. Northern analysis confirmed that estrogen treatment of SK-ER3 cells resulted in the upregulation and downregulation of expression of these messages. In particular, PTMA was found to accumulate at both 1 and 17 hr after E 2 treatment, whereas P10 product accumulated only at 1 hr. Conversely, P4, Nip2, and the fetal brain-related mRNAs were significantly decreased by the treatment. Further time course analysis of PTMA and Nip2 mRNAs levels indicated that the hormone exerted a marked biphasic regulatory effect on expression of both messages during the course of cell differentiation. In the present study we report for the first time the identification of a panel of estrogen target genes in neural cells that provide new insights in the molecular mechanism of action of E 2 in cells of neural origin.
Estrogens are important endocrine modulators exerting powerful pleiotrophic effects in mammals by acting on several organs. Among these, the brain is certainly a relevant target (McEwen et al., 1979; MacLusky and Naftolin, 1981) . For quite a long time, 17␤-estradiol (E 2 ) has been known as the key element for the differentiation of a number of sexually dimorphic brain areas and for the modulation of sex-related brain activities and behaviors in adult mammals (Parsons et al., 1980; McEwen, 1983; ToranAllerand, 1984) . More recently, however, it has been shown that estrogens can also influence extrahypothalamic brain functions such as learning and memory, cognition, and motivation (Tallal, 1991; Luine, 1994; Sherwin, 1994) and can act as a protective factor in the manifestation of affective and neurodegenerative disorders (Maggi and Perez, 1985; Tang et al., 1996) . This extrahypothalamic activity of estrogens was further supported by the finding of estrogen receptors and estrogen-regulated genes in limbic areas of adult mammalian brain (Maggi et al., 1989; Bettini and Maggi, 1992; Toran-Allerand et al., 1992) .
Estrogens regulate gene transcription by binding through their cognate receptors to specific regulatory DNA sequences within the promoter of target genes (Evans, 1988; Kumar and Chambon, 1988; Klein-Hitpass et al., 1989) . Conceptually, the same molecular mechanisms should be used by estrogens in neural cells. Consistent with this idea, in vivo and in vitro studies in neural cells or tissues reported that estrogens can modulate the content of transcripts coding for specific proteins, including synapsisassociated proteins (Shughrue and Dorsa, 1993) , neurotrophins (Toran-Allerand, 1996) , neurotransmitter receptors (Summer and Fink, 1993) , proto-oncogenes (Pahlman et al., 1990; Santagati et al., 1995) , and mitochondrial enzymes (Bettini and Maggi, 1992) .
Rapidly accumulating data point to the multiplicity of effects of E 2 in neural cells. However, a systematic study aimed at identifying the intracellular events triggered by the hormone is still missing. In the past, we attempted the identification of estrogen target genes in brain tissue by the use of subtractive libraries (Bettini and Maggi, 1992) . However, this approach did not prove suitable to study a tissue as complex as the brain. This prompted us to develop a neuroblastoma cell line, named SK-ER3, expressing the estrogen receptor (ER), which could be used as a cell model to study the molecular effects of E 2 in cells of neural origin. The data accumulated so far prove that E 2 can induce these cells to cease proliferation and to accumulate in the G 0 phase of the cell cycle, acquiring the phenotype of a mature dopaminergic neuron (Agrati et al., 1997) . We also proved that several of the activities attributed to E 2 in vivo can be reproduced in our model, i.e., induction of the synthesis of specific proteins, including c-Fos, synaptophysin, and tau, or modulation of neurite growth (Ma et al., 1993; Santagati et al., 1995) . We therefore believe that SK-ER3 cells represent a unique system for the study of E 2 action in neural cells. Using this cellular model and the differential display PCR (ddPCR) method (Liang and Pardee, 1992; Douglass et al., 1995) , we undertook the identification of estrogen-regulated genes. Our results show that E 2 regulates the expression of genes associated with cell growth, differentiation, and survival. These data might provide new molecular basis to explain the protective effects of estrogens in the development of neurodegenerative disorders.
MATERIALS AND METHODS
Materials. RPMI-1640 was from Sigma (Milan, Italy). Fetal bovine serum was from Imperial (Unipath, Milan, Italy); trypsin was from Gibco (Paisley, UK); and tissue culture plastic ware was from Corning (New York, NY). 17␤-Estradiol from Sigma (St. Louis, MO) was stored at Ϫ20°C at a concentration of 10 mM in ethanol. ␣-[
35 S]dATP (Ͼ1000 Ci/mmol) was purchased from DuPont (Milan, Italy). All electrophoresis and Northern analysis reagents were from Bio-Rad (Milan, Italy) and Boehringer Mannheim (Milan, Italy), respectively.
Cell culture and RNA extraction. SK-ER3 cells were routinely grown in RPMI-1640 medium without phenol red, supplemented with 10% charcoal-stripped fetal bovine serum. For all experiments, cells were used at passage between 36th and 40th to minimize cell culture-induced modifications. Cells were split at subconfluency by trypsinization (0.5 gm/l trypsin and 0.2 gm/l EDTA) and dissociation in RPMI-1640 medium. For the ddPCR and Northern experiments, cells were seeded in 35 mm tissue culture dishes at a density of 5 ϫ 10 5 per dish and grown for 2 d in the medium described above. If not otherwise specified, vehicle (ethanol, 0.001%) or E 2 (5 nM) was then added to fresh medium, and cells were further grown for 1 or 17 hr.
Total RNA was obtained using a single-step RNA isolation method by guanidine thiocyanate-urea-phenol-chloroform extraction (Chomczynski and Sacchi, 1987) . Briefly, cells were homogenized in Bio/RNA-XCell reagent (Bio/Gene, Kimbolton Cambs, UK), and RNA was extracted and further purified with an RNA-binding resin as recommended by the manufacturer (Bio/Gene). RNAs were stored at Ϫ20°C at a concentration of 1 g/l in sterile water and subsequently used for ddPCR and Northern analysis.
Differential display PCR. Total RNA (5 g) from control and treated cells was first digested with 10 U of DNase I (GeneHunter, Brookline, MA) for 30 min at 37°C to remove any trace of DNA contaminant. After phenol-chloroform extraction and ethanol precipitation, RNA was diluted to a concentration of 0.1 g/l in sterile water. The ddPCR experiments were performed essentially as originally described (Liang and Pardee, 1992) using the RNAimage mRNA differential display system (GeneHunter). Three different reverse transcription (RT) reactions were carried out on 0.2 g of DNA-free RNA using a 1 b anchor oligo-dT primer, H-T 11 A, H-T 11 G, H-T 11 C (where H ϭ AAGCTT) to generate different fractions of cDNAs. Twenty microliter PCR reactions were then performed on 1:10 aliquots of the RT mixtures using the same anchor oligo-dT primer (3Ј-primer) and a 13-mer primer that contained a 7 b arbitrary sequence (5Ј-primer). Twelve different 5Ј-primers were tested and referred to as H-AP1-H-AP12. For each primer combination (0.2 M each), a 40 cycle PCR was run in the presence of 2 M dNTP, 10 Ci [␣-
35 S]dATP, and 1 U of AmpliTaq DNA polymerase (Perkin-Elmer, Milan, Italy) in a Hybaid thermal cycler (Celbio, Milan, Italy) with the following thermal profile: 1 min denaturation at 94°C, 2 min annealing at 40°C, and 1 min extension at 72°C, followed by a 5 min final extension step at 72°C. The amplification products were then separated by electrophoresis at 1800 V for 4 -5 hr on a 6% polyacrylamide-urea gel and identified by autoradiography using ␤-max films (Amersham, Buckingamshire, UK). The PCR products showing amplification differences between control and E 2 -treated cells were excised from the gel, eluted in sterile distilled water, and reamplified by PCR using the same primer combination that generated them. The PCR parameters and protocol were unchanged, except that the dNTP concentration was brought to 20 M, and reaction were performed in 40 l. The reamplified PCR products were then electrophoresed on a 1.5% agarose gel for size estimation and further screening analysis.
Sequence analysis of the ddPCR products. ddPCR products were directly sequenced after PCR reamplification using a cycling sequencing protocol (Innis et al., 1988) . Briefly, the agarose band containing the reamplified ddPCR DNA product was excised from the gel, and the DNA was recovered using a Micropure/Microcon-50 assembly device (Amicon, Beverly, MA). Aliquots (1:10) of the purified DNA were used as templates for cycling sequencing using the AmpliCycle sequencing kit (Roche Molecular Systems, Branchburg, NJ). The protocol was essentially as recommended by the manufacturer, except that the primer concentration was increased to 1 M. Each fragment was sequenced in both directions using either of the original ddPCR primers. The thermal cycling profile was the same as for the ddPCR reactions. The sequencing products were separated by electrophoresis on a 6% polyacrylamide-urea gel and identified by autoradiography. A computer search analysis was performed on each sequence to look for homology using EMBL and GenBank DNA databases and the Fasta or Blast algorithms (Altschul et al., 1990) .
Nonradioactive Northern blot analysis. Ten micrograms g of total RNA were isolated as described above, electrophoresed on a 1% agaroseformamide gel (Sambrook et al., 1989) , and transferred to positively charged N ϩ nylon membrane (Amersham). Nonradioactive probes were synthesized by PCR from purified ddPCR products (1:1000 final dilution) in a 50 l reaction volume in the presence of 70 M digoxigenin (DIG)-labeled deoxyuridine triphosphate (Boehringer Mannheim), 130 M dTTP, 200 M concentrations of deoxynucleotide triphosphates, and the corresponding ddPCR primers (5 pmol each). The DIG probes were separated from free nucleotides by electrophoresis on an agarose gel and further recovered from gel using Micropure/Microcon-50 units (Amicon). DIGlabeled probes were used for hybridization to membrane-transferred RNAs according to conventional methods (Sambrook et al., 1989 ) with a typical hybridization reaction at 42°C for 36 hr in 50% formamidecontaining hybridization buffer. Membranes were then washed with 5ϫ SSC solution two times for 30 min, 0.1ϫ SSC 0.1% SDS for 30 min, and 0.01ϫ SSC/0.1% SDS two times for 15 min. The hybridized probes were immunodetected with an anti-DIG-AP and Fab fragments and were visualized with the chemiluminescence substrate disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2Ј-(5Ј-chloro)tricyclo[3.3.1.1 3,7 ]decan}-4-yl)phenyl phosphate reagent using the DIG luminescent detection kit (Boehringer Mannheim). Membranes were further exposed to MP hyperfilms (Amersham) for 30 min-2 hr, and relative band intensities were measured by densitometric analysis of autoradiographs. Results were analyzed after different exposure durations to ensure that all the bands compared were in the linearity range of detection. Differences in the amounts of RNA loaded were normalized with respect to the 18 and 28 S ribosomal RNAs stained by ethidium bromide.
PCR amplification using specific oligonucleotides. For specific amplification and sequencing of prothymosin-␣ (PTMA) DNA, the following primers were used: 5Ј-TCATCGGATCACCGGCG-3Ј (forward) and 5Ј-TCCTCTTCTTCGTCTAC-3Ј (reverse). PCR amplifications were performed on cDNAs obtained with H-dT11A oligo-dT primer from E 2 -treated cell RNAs as described above. After 32 cycle amplification, the PCR product was diluted to 1:100 and sequenced in both directions by cycling sequencing PCR using either a reverse or forward primer. The PCR amplification profiles used for generating the PTMA fragment and for sequencing were identical (1 min at 94°C, 30 sec at 56°C, and 30 sec at 72°C). Sequencing products were then separated by electrophoresis on a 6% polyacrylamide-urea gel and identified by autoradiography.
RESULTS

Differential display of E 2 -regulated mRNAs
In the present study, we focused on the early genomic events induced by E 2 in SK-ER3 cells. On the basis of previous studies showing that the growth arrest of these cells by E 2 requires at least 17 hr of continuous presence of the hormone (Ma et al., 1993) , total RNA was prepared from subconfluent SK-ER3 cells, control or treated with 1 nM E 2 for 1 or 17 hr. The RNA populations were reverse-transcribed using three different anchor oligo-dT 3Ј-primers. Because the number of products amplified by a given combination of primers and exhibiting a differential pattern of amplification was usually rather small, a good number of the 5Ј-primers needed to be used. In this study, 36 different primer combinations were used. In preliminary experiments, each primer set was tested in single PCR reactions on total RNA preparations from both control and treated cells. The amplified PCR products generated from each reaction were compared side by side after electrophoresis on urea-acrylamide sequencing gels. An average of 150 -200 PCR products could be visualized on each electrophoretic lane with an average of two to five products showing a differential amplification pattern. To verify the reproducibility of the amplification patterns, the reactions showing differentially amplified products were repeated performing both RT and ddPCR reactions in duplicates. Each primer combination generated a distinct pattern of amplification. In particular, the same 5Ј-primer combined with each specific oligo-dT 3Ј-primer produced a unique pattern of amplification, indicating that the anchor primers used for the RT reactions had generated distinct subpopulations of cDNAs. Fig. 1 shows a representative autoradiograph obtained from one experiment in which three different sets of ddPCR reactions were performed at the same time on control (lanes C) and E 2 -treated cells (lanes 1h and 17h) using three different primer combinations (dT-G/AP-10, dT-G/AP-11, and dT-G/AP12). The analysis of the amplification patterns generated by one set of primers showed that the intensity of the majority of the bands did not change with the treatment. However, a limited number of bands exhibited reproducible variations; the arrows point to few of them. In total, 13 bands with sizes larger than 150 bp showing an E 2 -regulated amplification profile were excised from gels to be further analyzed. Eleven products were successfully reamplified with a single round of 40 cycle PCR and partially sequenced (Table 1) . The characterization and the extent of amplification of these products are presented in Table 2 . The search for possible homologies, using GenBank and EMBL databases, did not score a good degree of homology for seven of the ddPCR products selected, suggesting that they may not be related Figure 1 . Fingerprints of RNAs extracted from SK-ER3 neuroblastoma cells and screened by differential display PCR. Total RNAs from control (C) and E 2 -treated (1h and 17h) cells were reverse-transcribed in duplicate reactions using a 1 b anchor oligo-dT primer (dT 11 -G). PCR reactions were performed in duplicate on each cDNA mix using various combinations of dT 11 -G and arbitrary forward primers (AP-10, in the presence of 10 Ci of ␣-[
35 S]dATP. The amplified products were then separated on a 6% acrylamide-urea gel and visualized by autoradiography. Arrows point to differentially amplified products in control versus E 2 -treated cells identified within one set of ddPCR reactions.
to any known message. On the contrary, a high degree of homology (90 -100%) was found between the ddPCR products P1, P3, P6, P8, P10, and P11 and previously reported sequences encoding for proteins associated with growth and cell death, uncharacterized fetal proteins, and mitochondrial enzymes (Table 2) .
Among these, the P3 amplification product seemed to be upregulated by E 2 after 1 and 17 hr treatment and showed 100% identity with a 207 bp sequence of PTMA, a nuclear protein that has been associated with proliferation and /or differentiation in other eukaryotic cell models (Eschenfeldt and Berger, 1986; Bustelo et al., 1991) . The P3 product was located within the open reading frame of PTMA containing at least 69 amino acids (aa) of the C-terminal region of the protein. In contrast, a 410 bp ddPCR product (P11) amplified by the primer combination H-dT 11 G/ H-AP12 seemed to be downregulated by E 2 treatment. Sequence analysis revealed 100% homology with the 3Ј-end untranslated region of Nip2, a protein recently described to associate with the Bcl2 proto-oncogene. The identity of P11 and the presence of Nip2 in SK-ER3 cells were further confirmed using two specific primers contained in the Nip2 coding sequence and P11 (data not shown). A similar downregulation pattern was observed in E 2 -treated cells for the P6 product generated by the H-dT 11 C/ H-AP7 primer set. A 141 bp sequence was characterized in the P6 product and showed 100% homology with a partial DNA previously iso- A selection of 11 ddPCR products showing a regulated amplification pattern in E 2 -treated cells were isolated from denaturating acrylamide gels, reamplified, and sequenced in both directions using the corresponding primers. The sequences were confronted to EMBL /GenBank databases using the Fasta and Blast algorithms to search for homology with existing sequences.
lated from human fetal brain. The identity of P6 DNA was further confirmed using primers specific to the reported brain DNA (data not shown). Finally, two ddPCR amplification products (P1 and P8) were 100% homologous to nucleotides (nt) 1636 -1714 and nt 9731-9817 of the 16 kb mitochondrial DNA isolated from human placenta. These regions are contained in the sequences coding for the 16 S ribosomal RNA (rRNA) and NADH dehydrogenase subunit 3 in eukaryotic cells. Both messages seemed upregulated by E 2 after 1 and 17 hr of treatment.
Northern blot analysis of differentially amplified ddPCR products
The hormonal regulation of the transcripts corresponding to five of the ddPCR products was further studied by Northern analysis.
Nonradioactive probes were generated by labeling the purified ddPCR products with DIG and were hybridized to RNAs from control or E 2 -treated cells, blotted on nylon membranes. The hybridization bands were quantitated by densitometric scanning of the autoradiographs, followed by normalization with respect to 28 and 18 S rRNAs stained with ethidium bromide (Fig. 2) . The E 2 -regulation profiles of PTMA, P4, the fetal brain, P10, and Nip2 DNAs were all confirmed by Northern analysis. The P3 probe hybridized to a major transcript of about 1.4 kb, which corresponds to the reported size for PTMA mRNA (Goodall et al., 1986) . The full-length PTMA coding sequence was obtained in SK-ER3 cells by using specific primers and was shown to be identical to the previously reported human T lymphocyte Figure 2 . Northern analysis of the expression of SK-ER3 messages identified by differential display PCR. Northern blot analyses were performed using digoxigenin-labeled ddPCR products as hybridization probes. Gels were loaded with 10 g of total RNA from either control (C) or cells treated with E 2 for 1 or 17 hr (1h and 17h). Left panels, Autoradiographs from Northern analysis. Center panels, Ethidium bromidestained 18 and 28 S rRNAs. Right panels, The relative band intensities were estimated by densitometric analysis of autoradiographs after normalization with respect to 18 and 28 S RNAs. Bars represent the averages of two to five separate determinations. O.D., Optical density.
PTMA (Gomez-Marquez et al., 1989) . Northern analysis confirmed that the levels of PTMA transcript were significantly increased after a 1 hr treatment with E 2 and remained above basal level for at least 17 hr.
P4 corresponded to a transcript of about 1.5 kb, which seemed to be downregulated by E 2 treatment during the first 17 hr.
Northern analysis of the fetal brain DNA (P6) revealed two bands corresponding to a major transcript of approximatively 0.8 kb and an additional one of about 1.5 kb, which were equally decreased by the treatment.
The P10 probe revealed a band of about 1.4 kb and confirmed that E 2 induced a slight upregulation of P10 mRNA at 1 hr of treatment, followed by a significant downregulation at 17 h.
Nip2 message was of about 1.7 kb, and its content was significantly decreased by E 2 at 1 and 17 hr.
Differences in the content of six products, which seemed to be differentially amplified in the ddPCR profiles, failed to be reconfirmed by Northern analysis, partly because the specific activity of the DIG probes was too weak to allow signal detection with the nonradioactive method used, partly because they represented false-positive results inherent in the ddPCR method.
Nip2 and prothymosin-␣ regulation of expression in SK-ER3 cells
The effects of E 2 on neural growth and differentiation are likely to involve the regulation of expression of various proteins acting in a coordinated manner to control the proliferation, phenotype expression, and, possibly, cell survival. The growth and differentiating effects of E 2 on SK-ER3 cells and our recent observation that these cells, once differentiated, arrest in the G 0 phase of the cell cycle (Agrati et al., 1997) prompted us to focus further on PTMA and Nip2 regulation of expression. In effect, several reports have associated PTMA with cell growth and differentiation processes (Eschenfeldt and Berger, 1986) . On the other hand, Nip2 might be involved in mechanisms of cell death protection (Boyd et al., 1994; White, 1996) . Because SK-ER3 cells can be induced to differentiate after a short exposure to the hormone (4 hr), whereas the induction of proliferation blockade requires at least 16 hr of hormonal treatment (Ma et al., 1993) , the effect of E 2 was studied in two types of experiments. At first, estradiol was kept in the culture medium for the total duration of the experiment. At various periods, cells were harvested and assessed for Nip2 and PTMA mRNA cell content by Northern analysis. As shown in Figures 3 and 4 , Nip2 and PTMA mRNAs were constitutively expressed in proliferating control SK-ER3 cells. Interestingly, we observed that the downregulatory effect of E 2 on Nip2 mRNA was transient, the levels of Nip2 mRNA reaching control values after 4 d of exposure to the hormone (Fig. 3) . Similarly, E 2 demonstrated a biphasic effect on the levels of PTMA mRNA. As presented above, PTMA mRNA accumulated during the first 17 hr of treatment. Thereafter and over the following 5 d, the message levels decreased steadily. At the sixth d, the amount of PTMA mRNA in E 2 -treated SK-ER3 cells accounted for Ͻ20% of the control (Fig. 4) .
In a second series of experiments, we investigated whether the upregulations and downregulations of PTMA and Nip2 mRNAs required the continuous presence of E 2 . In this respect, the time course study was repeated in the same way, except that the cells were only treated with E 2 for the first 4 hr; the cultures were then thoroughly washed with estrogen-deprived normal medium to eliminate the presence of the hormone, and the cells were further grown for 17 hr and 2, 4, and 6 d. Under such conditions, PTMA and Nip2 mRNA levels exhibited the same biphasic regulation profile observed previously (data not shown). These data indicated that the biphasic regulation of PTMA and Nip2 expression required the activation of the estrogen receptor for its onset but could be carried out in the absence of the hormone.
DISCUSSION
The identification of genes that are modulated by E 2 in cells of neural origin is an important step to understand the effects of the hormone on brain functions better and eventually to develop new therapeutics for estrogen-sensitive disorders. In the present study, we focused on the identification of messages regulated by E 2 in SK-ER3 neuroblastoma cells using the ddPCR approach. This method proved quite reproducible and allowed us to identify a group of early genes in the cascade of events triggered by the hormone. Among the DNAs presently reported, six corresponded to sequences identified for the first time, whereas five showed 80 -100% homology with previously reported sequences.
The ddPCR method applied here makes use of 1 b anchor poly-dT primers combined with arbitrary primers in the RTddPCR reactions (Liang and Pardee, 1992) . Although annealing of the primers can occur in any region of the mRNAs complementary to the primer sequence, the use of an anchor oligo-dT primer likely favors the amplifications of the 3Ј-ends of the message. This represents a minor drawback for the identification of the sequences isolated, because these regions are the least conserved. This may explain that we did not find any significant homology for P2, P4, P5, P7, P9, and P10 ddPCR products. The complete characterization of the corresponding coding sequences will be necessary to allow their identification.
Northern analysis confirmed that five of the messages identified by ddPCR were regulated in response to estrogens. In particular, we found that two of these code for the known proteins Nip2 and PTMA, previously associated with cell death protection and cell growth and differentiation.
PTMA, an acidic nuclear protein of 12.5 kDa (Haritos et al., 1984a; Gomez-Marquez and Segrade, 1988; Watts et al., 1989) originally isolated from the thymus, was believed to regulate immunological processes. Further studies demonstrated that PTMA is present in a large variety of cell types, tissues, and organisms (Haritos et al., 1984b; Eschenfeldt and Berger, 1986; Clinton et al., 1989; Gomez-Marquez et al., 1989) . The high degree of conservation of PTMA among species (Makarova et al., 1989) further suggests that it may be required for essential cell functions. Although its precise biological role has not been assigned yet, a number of in vivo (Dominguez et al., 1993) and in vitro studies (Gomez-Marquez et al., 1989; Bustelo et al., 1991; Sburlati et al., 1991) correlated PTMA with proliferative activities. The expression of PTMA was also found to be modulated during development in a number of tissues, including brain (Dosil et al., 1990) .
Our findings suggest that PTMA is likely to participate in regulatory processes in cells of neural origin. We report here a biphasic regulation of PTMA mRNA over a 6-d period with a rapid increase as early as at 1 hr of treatment with E 2 followed by a significant decline at 17 hr. It is known that SK-ER3 cells, once treated with estrogens, keep proliferating for 2-3 d before acquiring a differentiated phenotype (Agrati et al., 1997) . Previous reports demonstrated that the cellular content of PTMA mRNA increases with proliferation or in response to mitogens (GomezMarquez et al., 1989; Bustelo et al., 1991) . Moreover, kinetic analysis showed that although PTMA mRNA is expressed throughout all phases of the cell cycle, it significantly increases in G 1 after a mitogenic stimulation. This increase in PTMA seems to be required for the G 1 to S transition (Szabo et al., 1992) . Therefore, the increased content of PTMA observed in SK-ER3 cells at 1-17 hr after E 2 treatment could reflect an accelerated progression of the cells through the cell cycle induced by the hormone and could support the view that E 2 might exert an initial mitogenic-like activity committing the cells to the differentiation pathways. The subsequent decrease of PTMA transcript level might indeed be related to the progression of the cells toward differentiation and their progressive accumulation in G 0 . In effect, a decrease in PTMA levels has been previously associated with cell differentiation and possibly with the irreversible growth arrest usually taking place along the expression of the differentiated phenotype (Dosil et al., 1993) .
To investigate whether PTMA is an E 2 -responsive gene, we performed a computer-assisted analysis of the 5Ј-flanking sequence of the human PTMA gene and confirmed the presence of a number of potential binding sites for regulatory elements, including an E-box c-myc binding site (Szabo et al., 1993) . No typical estrogen-responsive elements palindromic sequence (KleinHitpass et al., 1986) was found in the 2 kb promoter region. However, two direct half-palindromic repeats (TGACC) and one incomplete half-motif (GGTC) at positions Ϫ750, Ϫ1051, and Ϫ1437, respectively were found. Previous reports have shown that such incomplete motifs might transduce ER signaling (Tora et al., 1988; Vegeto et al., 1996) , leading us to the conclusion that the PTMA promoter may contain sequences conferring E 2 responsiveness. Previous work showed that PTMA expression is regulated by MYC protein (Eilers et al., 1991) . Because estrogen was shown to regulate myc expression, it could be hypothesized that the effect described here is dependent on MYC activity. In our cell model, estrogens do not regulate the expression of the nuclear proto-oncogene N-myc (Santagati et al., 1995) , which represents the counterpart of c-myc in neural cells. Thus, in SK-ER3 cells the estrogen-dependent induction of PTMA cannot result from MYC activation.
The pattern of Nip2 regulation was opposite to that described for PTMA. In this study, the levels of Nip2 mRNA are rapidly decreased after E 2 treatment. This effect is transient and lasts for about 19 hr. Nip2 was recently described as one of the proteins interacting with the apoptosis inhibitors Bcl2 and E1B 19 kDa proteins (White, 1996) . Although little is known about the function of Nip2 within cells, mutational analysis indicated that the protein no longer associates with Bcl2 mutants defective in suppression of cell death, suggesting a role of Nip2 in apoptotic cell death (Boyd et al., 1994) . The mechanism by which Bcl2 or its homologues promote cell survival is not known. One of the current hypotheses proposes that apoptosis may result from the proteolytic cleavage of one or several critical substrates and that antiapoptotic agents may either block the activation of specific proteases or protect their proteolityc substrates (Cory et al., 1994) . A computer-based search of homology was performed between Nip2 and members of the interleukin-1␤-converting enzyme (ICE)/Ced-3 protease family (Thornberry et al., 1992; Duan et al., 1996; Schwartz and Milligan, 1996; Wang et al., 1996) using the LFASTA algorithm and the BLOSUM50 matrix file. Interestingly, Nip2 showed a significant homology (19.7% overall identity on 303 aa overlap and up to 80% identity on distinct block regions) with the human ICE protease, a member of a highly conserved multigene family of cysteine proteases involved in apoptosis (Thornberry et al., 1992) . Moreover, the tripeptide SHG sequence, which was shown to participate in the catalytic activity of these proteases, was conserved in Nip2 (Schwartz and Milligan, 1996) . The homology between Nip2 and ICE protease led us to speculate that the decreased levels of Nip2 observed in SK-ER3 cells at a short time after estrogen treatment might protect these cells from death. This may be correlated with the known protective effect of E 2 on survival previously described in SK-ER3 cells (Di Lorenzo et al., 1996) and hypothesized in specific neurodegerative disorders (Tang et al., 1996) . Moreover, preliminary studies show that Nip2 is expressed in rat adult brain, and E 2 treatment causes a decrease in its mRNA levels, suggesting that estrogen effect may occur in vivo and may not be limited to developmental processes.
With regard to the other mRNAs hereby described as modulated by estrogens, we found of interest the fact that two mitochondrial DNAs were increased after E 2 treatment. Although we failed in generating suitable probes for Northern analysis, this observation is consistent with: (1) previous studies in neural tissues (Bettini and Maggi, 1992 ) and in non-neural cells (Van Itallie and Dannies, 1988) , which described an effect of E 2 on the expression of another mitochondrial gene, namely cytochrome c-oxidase subunit III; and (2) the well described increase in neuronal activity (i.e., increased firing) induced by estrogens.
Finally, the identification of a message present in fetal brain (P6 product) led us to speculate on our cell model. The particular neuroblastoma cells used to generate the SK-ER3 cell line are derived from a tumor of neural crest cells at a very early stage of differentiation (Ciccarone et al., 1989) . Considering that neural crest derivatives express the estrogen receptor (Sohrabji et al., 1994) , it is conceivable that the genes we found in SK-ER3 cells may also be modulated by the hormone in immature cells expressing the estrogen receptor and may constitute part of the genomic pool leading to the maturation of the neural cells.
Further studies will prove whether the messages described here represent estrogen targets in both immature and mature neural cells, and whether their expression is also altered in estrogensensitive neurological disorders. In this respect, the finding that estrogens regulate the expression of genes related to cell growth and survival, such as PTMA and Nip2, might be of relevance with regard to the known protective effects of estrogens in the manifestation of neurodegenerative disorders such as Alzheimer's disease (Tang et al., 1996) .
The present study provides new insights into the molecular mechanism of action of estrogens in neural cells and points to new strategies to investigate the estrogen actions in neural cells further.
